Abstract: Approximately 20%-30% of metastatic breast cancers show increased expression of the human epidermal growth factor receptor-2 (HER2) tyrosine kinase. Two HER2-specific therapies are currently approved for clinical treatment of patients with HER2-overexpressing metastatic breast cancer. Trastuzumab is a monoclonal antibody against HER2 and is approved for first-line treatment of HER2-positive metastatic breast cancer. Lapatinib is a small molecule dual inhibitor of epidermal growth factor receptor and HER2 tyrosine kinases, and is approved for trastuzumab-refractory disease. Although trastuzumab is a highly effective therapy for patients with HER2-overexpressing metastatic breast cancer, a significant number of patients in the initial clinical trials of trastuzumab monotherapy showed resistance to trastuzumab-based therapy. Further, among those who did respond, the initial trials indicated that the median time to progression was less than 1 year. Similarly, lapatinib is effective in a subset of trastuzumab-refractory cases, but the majority of patients display resistance. This review discusses the multiple molecular mechanisms of resistance that have been proposed in the literature. In addition, novel agents that are being tested for efficacy against HER2-positive breast cancer, including the antibodies pertuzumab and trastuzumab-DM1 and the immunotoxin affitoxin, are reviewed. The introduction of trastuzumab has revolutionized the clinical care of patients with HER2-positive metastatic breast cancer and has resulted in dramatic reductions in recurrences of early-stage HER2-positive breast cancer. The development and implementation of gene-and protein-based assays that measure potential molecular predictors of trastuzumab resistance will allow individualization of HER2-targeted therapeutic approaches, and may ultimately improve treatment of HER2-positive breast cancer.
Introduction
Breast cancer continues to be the most common malignancy diagnosed in women within the United States, with approximately 226,000 new cases and almost 40,000 deaths estimated annually. 1 Breast cancers have been grouped into four distinct molecular subtypes based upon gene expression profiling: luminal A, luminal B, basal-like, and human epidermal growth factor receptor 2 (HER2) positive. 2, 3 The HER2-positive subgroup comprises approximately 20%-30% of all metastatic breast cancers, generally due to amplification of the HER2 gene. 2 HER2/ErbB2 is a receptor tyrosine kinase member of the epidermal growth factor receptor (EGFR) family, which also consists of HER3/ErbB3 and HER4/ErbB4. HER2 is the only member for which a specific ligand has not been identified. HER3 is the only member that lacks intrinsic kinase activity. 4 Kinase activity is activated upon receptor dimerization, either with the same receptor type (homodimerization) or with another family member (heterodimerization). HER2 is the preferred heterodimerization partner, as HER2 heterodimers have increased ligand binding affinity and increased catalytic activity relative to other heterodimer complexes. 5 Kinase activity results in autophosphorylation and subsequent downstream signaling through the phosphatidylinositol-3 kinase (PI3K)/Akt and Ras/mitogen-activated protein kinase (MAPK) cascades. Presence of homodimers or heterodimers appears to determine which downstream signaling pathways are activated, as HER2 homodimers have been shown to preferentially induce MAPK, while heterodimers activate MAPK and PI3K signaling. 6 Activation of downstream PI3K signaling is thought to underlie much of the oncogenic activity of HER2, and, because of multiple PI3K recognition sites in the HER3 cytoplasmic tail, the most potent dimer pair is HER2/HER3. [7] [8] [9] When HER2 is overexpressed, it is constitutively dimerized and active. Constitutive HER2 signaling leads to increased proliferation, angiogenesis, and reduced apoptosis. Overexpression of HER2 has been associated with highly aggressive disease, increased metastatic potential, and reduced survival relative to other breast cancer subtypes. 10, 11 The discovery that abnormal signaling from HER2 is associated with poor prognosis in breast cancer led to the search for therapeutic approaches ( Figure 1 ) that specifically target this oncogene addiction.
Current treatments for HER2-positive breast cancer Trastuzumab
Initial efforts to therapeutically target the HER2 protein led to the development of 4D5, a mouse monoclonal antibody 12 that targets the extracellular domain of HER2. 13 Monoclonal antibody 4D5 specifically inhibited growth of HER2-overexpressing breast cancer cell lines and prevented HER2-transformed NIH 3T3 cells from forming colonies in soft agar. 13 Further, 4D5 suppressed phosphorylation of HER2 in HER2-overexpressing breast cancer cell lines and partially downregulated expression of total HER2.
14 Combined treatment with 4D5 and cytotoxic chemotherapeutic drugs resulted in synergistic tumor regression and improved tumor-free survival in mouse models of human HER2-overexpressing breast tumor xenografts. 15, 16 Because monoclonal antibody (mAb) 4D5 is of mouse origin, the human immune system recognizes it as foreign and produces neutralizing antibodies against 4D5. Thus, a "humanized" antibody containing only the antigen-binding loops from mAb 4D5 and human variable region framework residues plus immunoglobulin G1 constant domains was constructed. 17 The most effective recombinant humanized anti-HER2 antibody that was generated is now called trastuzumab (Herceptin ® ; Genentech, San Francisco, CA).
Trastuzumab is less antigenic than mAb 4D5, and it binds to HER2 with an affinity three times greater than that of 4D5. 17 Preclinical studies showed significant regression of human HER2-overexpressing tumor xenografts in mice treated with trastuzumab as a single agent or in combination with a number of cytotoxic agents, including paclitaxel, cisplatin, and doxorubicin. [18] [19] [20] The anticancer activity of trastuzumab is believed to be due to a number of mechanisms. [21] [22] [23] [24] [25] [26] Cell culture experiments suggested that trastuzumab may cause downregulation of cell surface HER2, 27, 28 which may contribute to the reduced downstream PI3K/Akt and MAPK signaling observed Figure 1 Therapeutic strategies to target human epidermal growth factor receptor 2 (HER2): (1) HER2-targeted immunotoxins that combine a HER2-targeted component with a toxic component, such as HER2-affitoxin; (2) antibodies that directly target extracellular epitopes of HER2 include trastuzumab, pertuzumab, and trastuzumab-DM1 (T-DM1) antibody-drug conjugate; and (3) small molecule tyrosine kinase inhibitors (TKIs) of HER2 include the dual epidermal growth factor receptor/HER2 TKI lapatinib and the pan-ErbB TKI neratinib.
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Nahta with trastuzumab treatment. Studies have also suggested that trastuzumab may selectively inhibit HER2-HER3 heterodimerization, 28, 29 which would also reduce HER3-associated PI3K signaling. The extracellular domain of HER2 can be proteolytically cleaved, resulting in a membrane-bound truncated 95 kDa HER2 protein that has constitutively active tyrosine kinase activity (called p95 HER2). Some studies have shown that trastuzumab can prevent this cleavage of the HER2 extracellular domain. 28, 30 The cytostatic growth inhibitory activity of trastuzumab is due in part to increased expression of the cyclin-dependent kinase (CDK) inhibitor p27 Kip1 and subsequent inhibition of CDK2 activity. 31, 32 Trastuzumab has also been shown to reduce angiogenesis, resulting in reduced volume, diameter, and permeability of blood vessels. 33 This normalization of the vasculature may be one reason that trastuzumab improves response to chemotherapeutic agents through more efficient delivery of the agents to the tumor. Finally, trastuzumab-bound cells are recognized by immune cells, resulting in activation of an antibody-dependent cellular cytotoxicity (ADCC) response. 34, 35 In fact, trastuzumab failed to induce tumor regression in mice lacking Fc-gamma receptors, which are normally present on immune natural killer cells and macrophages, 35 suggesting that an intact immune system may improve the probability of achieving an optimal response to trastuzumab.
In 1998 the US Food and Drug Administration approved trastuzumab for the treatment of metastatic HER2-overexpressing breast cancer. The initial clinical trials of trastuzumab as a single agent in HER2-overexpressing metastatic breast cancer demonstrated response rates ranging from 12% to 34% for a median duration of 9 months. [36] [37] [38] Phase III trials of combination trastuzumab plus paclitaxel or docetaxel demonstrated increased response rates, time to disease progression, and overall survival versus single-agent chemotherapy. [39] [40] [41] In patients with metastatic breast cancer showing HER2 amplification and no history of previous chemotherapy for metastatic disease, the median time to progression in response to single-agent chemotherapy was 4.9 months, compared with 7.4 months in patients receiving trastuzumab plus chemotherapy. 41 The results of these trials indicate that trastuzumab is a highly effective therapy for patients with HER2-overexpressing metastatic breast cancer. However, a significant number of patients showed partial or complete resistance to trastuzumab-based therapy. Further, among those who did respond, the median time to acquire partial or complete resistance and show disease progression was less than 1 year. Multiple mechanisms contributing to trastuzumab resistance have been proposed and are discussed later in this review. 42, 43 Lapatinib induced apoptosis of HER2-positive breast cancer cells as a single agent, 43 sensitized HER2-positive breast cancer cells to radiation, 44 and restored tamoxifen sensitivity to tamoxifen-resistant breast cancer models. 45 The knockdown of EGFR using small interfering RNA did not affect lapatinib sensitivity of HER2-overexpressing breast cancer cell lines, whereas HER2 small interfering RNA caused cells to become more resistant to lapatinib. 46 Thus, although lapatinib is an inhibitor of both the EGFR and HER2 kinase domain, its activity appears to be due primarily to HER2 inhibition.
Lapatinib was approved in 2007 in combination with capecitabine for use against HER2-overexpressing breast cancers that show disease progression on trastuzumab. Lapatinib is also approved as first-line therapy in combination with letrozole for hormone receptor-positive, HER2-positive metastatic breast cancer. Combination lapatinib plus chemotherapy achieved an overall response rate of 22% and a clinical benefit rate of 27%, with a median time to progression of 8.4 months. 47 As a single agent, lapatinib showed clinical benefit rates ranging from 12.4% to 25% in populations pretreated with trastuzumab. 48, 49 Thus, lapatinib shows benefit in a subset of trastuzumab-refractory breast cancers, although the majority of trastuzumab-resistant disease shows partial resistance to lapatinib.
Another potential benefit of lapatinib may be in the setting of metastatic disease to the brain. HER2-positive breast cancers have an increased tendency to metastasize to the brain, possibly because of increased survival rates in patients since the introduction of trastuzumab, as well as the inability of a large antibody (trastuzumab) to cross the blood-brain barrier. In contrast, the small molecular size of lapatinib may facilitate its use as a treatment for HER2-positive breast cancer that has metastasized to the brain. Indeed, two phase II trials in patients with brain metastases showed reductions in the volume of brain lesions. 50, 51 The 2-year overall survival rate was higher in patients who responded to lapatinib than in those with stable or progressive disease (66% versus 44%, respectively). Thus, although lapatinib is an effective agent for treating HER2-positive metastatic breast cancer, submit your manuscript | www.dovepress.com Dovepress Dovepress novel approaches to improve response rates to lapatinib are warranted.
Mechanisms of resistance to current HER2-targeted treatments
Multiple molecular mechanisms have been proposed to contribute to trastuzumab resistance (Figure 2 ). At the receptor level, mutations in the HER2 kinase domain have been associated with reduced response to trastuzumab in nonsmall cell lung cancer, 52 ,53 but this has not been reported in breast cancer. In addition, cell culture studies suggested that resistance is not due to changes in HER2 gene amplification, nor to reduced expression of the HER2 protein on the cell surface. 54 However, recent clinical studies suggest that metastatic lesions from primary HER2-positive breast cancers do not always maintain HER2 amplification. 55, 56 In one study, up to one-third of patients with significant residual disease remaining after neoadjuvant trastuzumab-based therapy showed loss of HER2 amplification in association with poor survival rates. 55 Another study showed that 43 of 182 patients (24%) with HER2-positive primary tumors had HER2-negative metastatic tumors. 56 Another plausible mechanism by which tumors may escape trastuzumab anticancer activity is epitope masking, meaning that the drug (trastuzumab) cannot recognize or physically interact with the antigen (HER2). Whether epitope masking is a clinically relevant mechanism remains unclear. However, preclinical studies suggest membrane proteins that interact with HER2 may impede accessibility of the epitope by trastuzumab. For example, MUC4 is a transmembrane glycoprotein that is overexpressed in some breast tumors. MUC4 interacts with and activates HER2, 57 impeding binding of trastuzumab to HER2. Exposure of cells to anti-MUC4 antibodies further reduced trastuzumab-HER2 interactions, suggesting that the mechanism of MUC4-mediated resistance is steric hindrance of the HER2-trastuzumab interaction. Partial masking of HER2 by MUC4 has been shown in a HER2-positive breast cancer cell line that has primary resistance to trastuzumab (JIMT1). 58 Other HER2-directed antibodies that bind to epitopes different than trastuzumab showed higher efficiencies of binding, suggesting that HER2 is only partially masked. In addition, the knockdown of MUC4 increased the binding of trastuzumab to JIMT1 cells. Thus, the role of cell surface proteins such as MUC4 in limiting accessibility of HER2 by trastuzumab should be examined in vivo.
Compensatory signaling mechanisms that sustain HER2 activity have been documented to abrogate trastuzumab sensitivity. 21 Mechanisms include heterodimerization and cross talk with insulin-like growth factor 1 receptor (IGF-IR), 59, 60 where IGF-I stimulation caused HER2 phosphorylation and IGF-IR inhibition reduced HER2 signaling in resistant cells. 60 Importantly, antibody blockade or kinase inhibition of IGF-IR restored trastuzumab sensitivity in models of acquired trastuzumab resistance, 60, 61 suggesting that IGF-IR is a potential therapeutic target in trastuzumabrefractory HER2-overexpressing breast cancers. Increased expression of the ErbB ligands heregulin and transforming growth factor alpha 62 has also been reported in models of trastuzumab-resistant HER2-positive breast cancer, leading to increased phosphorylation of HER2 in HER2-HER3 or HER2-EGFR heterodimers. In addition, the Met receptor tyrosine kinase has been shown to increase in trastuzumabtreated cells. 63 Stimulation of Met with its ligand hepatocyte growth factor reduced response to trastuzumab in vitro, whereas knockdown or pharmacological inhibition of Met improved response to trastuzumab. 63 Another potential mediator of cross talk is the transforming growth factor beta-related cytokine growth differentiation factor 15 (GDF15), which induced phosphorylation of HER2 in HER2-overexpressing breast cancer cells [64] [65] [66] GDF15-mediated phosphorylation of HER2 has been shown to reduce trastuzumab sensitivity, whereas the HER2 tyrosine kinase inhibitor lapatinib abrogated GDF15-mediated Akt and extracellular signal-regulated kinase 1/2 phosphorylation and blocked GDF15-mediated trastuzumab resistance.
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HER2-overexpressing breast cancer cells with primary or acquired resistance to trastuzumab expressed increased levels of GDF15. Further, GDF15 knockdown using lentiviral GDF15 short hairpin RNA increased trastuzumab sensitivity in resistant cells, supporting GDF15-mediated activation of HER2 as a novel mechanism of trastuzumab resistance. Interestingly, some mechanisms that confer trastuzumab resistance do not lead to lapatinib resistance, as trastuzumab-resistant cells with increased IGF-I signaling 67 and GDF15 overexpression 64 maintain sensitivity to l apatinib. Thus, it is important to understand which markers of trastuzumab resistance may predict for lapatinib sensitivity or resistance.
In addition to increased growth factor receptor signaling, expression levels and activity of endogenous cell cycle regulatory proteins affects response to trastuzumab and lapatinib. Reduced endogenous expression, 54 genetic knockdown, 68 or cytoplasmic localization of p27 Kip1 69 has been associated with increased CDK2 activity and proliferation and reduced growth inhibition in response to trastuzumab in vitro. Indeed, strategies that restore sensitivity to trastuzumab also result in increased expression or nuclear localization of p27 Kip1, 54, 59, 63, [70] [71] [72] suggesting that p27 Kip1 downregulation may be a predictor of resistance to trastuzumab and increased p27 Kip1 activity may improve response.
Increased expression of anti-apoptotic proteins has also been associated with resistance to HER2-targeted therapies. B-cell lymphoma 2 (Bcl-2) has been reported to upregulate in cells with acquired trastuzumab resistance. 73 Resistant cells showed increased sensitivity to the BH3 mimetic ABT-737. Further, ABT-737 improved trastuzumab-mediated growth inhibition in resistant cells. Current data support further study of the Bcl-2 inhibitor ABT-737 in trastuzumabresistant breast cancer. Other Bcl-2 antagonists have also been studied in the context of HER2-overexpressing breast cancer. Obatoclax (GX15-070), which inhibits Bcl-2, Bclextra large, and myeloid cell leukemia sequence 1 (Mcl-1), increased lapatinib-mediated autophagic cell death independent of endogenous EGFR or HER2 level in breast cancer cells. 74 Similarly, synergistic cell death was induced by lapatinib combined with the Bcl-2 inhibitor HA14-1 or obatoclax in MCF-7, MCF-7 HER2 stable transfectant, or MCF-7 tamoxifen-resistant cells. 75 A number of published studies support modulation of apoptotic regulators including Bcl-2 family members as a potential strategy for treating HER2-overexpressing breast cancer. Stable transfection of wild-type or mutant HER2 into breast cancer cells has been shown to increase Bcl-2 expression, [76] [77] [78] [79] supporting Bcl-2 as a potential target in HER2-dependent cancers. In addition, genetic knockdown of other anti-apoptotic proteins (Mcl-1 and survivin) has been shown to induce apoptosis in HER2-overexpressing breast cancer cell lines that were resistant to trastuzumab and lapatinib. 80 The CDK inhibitor flavopiridol has been shown to suppress Mcl-1 expression. 81 Combination flavopiridol plus lapatinib or trastuzumab resulted in synergistic cell death in HER2-overexpressing breast cancer cells. [81] [82] [83] [84] In addition, overexpression of Mcl-1 or knockdown of Bax or Bak abrogated the apoptotic effects of combination flavopiridol plus lapatinib, 82 indicating that regulation of Bcl-2 family members is critical to achieving response to this drug combination.
One well-accepted molecular mechanism leading to trastuzumab resistance is increased PI3K signaling, which can occur subsequent to loss of the PTEN phosphatase gene or can be due to hyper-activating mutations in the PIK3CA catalytic subunit of PI3K. 85, 86 Esteva et al 87 showed that phosphorylation of Akt or the mammalian target of rapamycin (mTOR) substrate p70S6 K were not independently associated with trastuzumab resistance, but when considered submit your manuscript | www.dovepress.com Dovepress Dovepress together, phosphorylated Akt (p-Akt), p-p70S6K, and loss of PTEN were strongly associated with lower response to trastuzumab. Pharmacological inhibition of PI3K has been extensively studied in preclinical models as a strategy to improve response to trastuzumab. 88, 89 Clinical studies with mTOR inhibitor everolimus in trastuzumab-refractory disease showed very promising results. Response rates greater than 40% and disease control rates greater than 70% were achieved in metastatic HER2-overexpressing breast cancers resistant to trastuzumab and chemotherapy when treated with trastuzumab, paclitaxel, and everolimus. 90 In addition, the combination of everolimus and trastuzumab achieved partial responses in 15% and persistent stable disease in 19% of patients, resulting in a clinical benefit rate of 34%. 91 In contrast to trastuzumab resistance, where PI3K signaling clearly plays a role, the contribution of increased PI3K activation to lapatinib resistance is more controversial. A genome-wide loss-of-function short hairpin RNA screen performed to identify mediators of lapatinib resistance showed that loss of PTEN or PIK3CA mutations also contributed to lapatinib resistance. Further, treatment with a dual inhibitor of PI3K/mTOR inhibited colony formation and proliferation of lapatinib-resistant cells harboring genetic defects in PI3K signaling. 92 In contrast, O'Brien et al 93 suggested that lapatinib resistance was not associated with loss of PTEN or PIK3CA mutations and that lapatinib could block the hyperactive PI3K signaling associated with trastuzumab resistance. Wang et al 94 examined 57 primary tumor samples from lapatinib-treated patients with HER2-overexpressing breast cancer heavily pretreated with chemotherapy and trastuzumab. Patients with loss of PTEN or hyperactivating mutations in PIK3CA had a significantly lower clinical benefit rate and a significantly lower overall response rate than those patients whose tumors did not show PI3K pathway activation (clinical benefit rate: 36.4% versus 68.6%, respectively; overall response rate: 9.1% versus 31.4%, respectively).
Gayle et al 95 recently showed that a lower response to lapatinib was associated with an inability of lapatinib to block PI3K/mTOR signaling. Transfection of constitutively active Akt into lapatinib-sensitive cells abrogated response to lapatinib, while kinase-dead Akt improved lapatinib sensitivity, suggesting that inhibition of Akt phosphorylation is critical to achieving response to lapatinib. Further, inhibition of mTOR using rapamycin or ridaforolimus reduced p-Akt levels and increased response to lapatinib in cells that showed poor response to single-agent lapatinib, including those transfected with constitutively active Akt. Single-agent mTOR inhibition was associated with feedback signaling activating of Akt and extracellular signal-regulated kinase 1/2, which was overcome by co-treatment with lapatinib. Combination mTOR inhibition plus lapatinib resulted in synergistic growth inhibition of HER2-overexpressing trastuzumab-resistant breast cancer cells and xenografts. Our data 95 indicated that p-Akt is a critical downstream target of lapatinib, whose inhibition must be intact in order to achieve optimal response to lapatinib. In cases where lapatinib alone does not effectively block PI3K/mTOR, our data 95 support strategies that combine lapatinib with mTOR inhibition in the context of primary trastuzumab-resistant HER2-overexpressing breast cancer.
Emerging new HER2-directed therapies Pertuzumab
Pertuzumab (Omnitarg ® ; Genentech) is a humanized anti-HER2 monoclonal antibody that binds to an extracellular epitope distinct from that to which trastuzumab binds. Pertuzumab disrupts HER2-EGFR and HER2-HER3 heterodimers. Combination trastuzumab plus pertuzumab showed enhanced tumor regression compared with either agent alone in xenograft models. 96 Potential mechanisms of synergy between trastuzumab and pertuzumab include increased ADCC and reduced HER2 extracellular domain cleavage. Phase II testing of pertuzumab plus trastuzumab showed an objective response rate of 24.2% and clinical benefit rate of 50% in patients who had progressed on prior trastuzumab therapy. 97 In contrast, another trial 98 that tested pertuzumab monotherapy versus trastuzumab plus pertuzumab showed disease progression in all patients treated with single-agent pertuzumab. The objective response rate and clinical benefit rate for the pertuzumab group was 3.4% and 10.3%, c ompared with 17.6% and 41.2% when trastuzumab was added. Progression-free survival (PFS) was 17.4 and 7.1 weeks in the pertuzumab and the combination groups, respectively. Another phase II trial reported pathologic complete response rates of 45.8% and 29% in patients treated with trastuzumab, pertuzumab, and docetaxel versus trastuzumab plus docetaxel, respectively. 99 A recent phase III clinical trial showed that the combination of trastuzumab plus pertuzumab and chemotherapy increased PFS and improved overall survival when compared with trastuzumab plus chemotherapy. 100 The median PFS was 18.5 months in the combination arm versus 12.4 months in the control arm. Thus, combination trastuzumab plus pertuzumab appears to submit your manuscript | www.dovepress.com
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Nahta be an effective therapeutic strategy despite previous progression on trastuzumab.
Trastuzumab-DM1
Trastuzumab-DM1 (T-DM1) is an antibody-drug conjugate of trastuzumab and emtansine (DM1), a highly potent microtubule polymerization inhibitor. 101 T-DM1 maintains the HER2-targeting function of trastuzumab, allowing selective delivery of DM1 to HER2-positive cells. T-DM1 is currently in phase III development for HER2-positive breast cancer. In preclinical models of trastuzumab and lapatinib resistance, T-DM1 maintained the anticancer molecular effects of trastuzumab, including inhibition of PI3K signaling, inhibition of HER2 extracellular domain cleavage, and ADCC. [101] [102] [103] A phase I dose escalation trial of T-DM1 in trastuzumab-refractory HER2-positive metastatic breast cancer indicated a clinical benefit rate of 73% in 15 patients receiving the maximum tolerated dose every 3 weeks. 104 Two large multicenter phase II trials of T-DM1 in patients with HER2-positive metastatic breast cancer previously treated with chemotherapy and trastuzumab or lapatinib showed overall response rates of 25.9%-34.5%, with PFS ranging from 4.6 to 6.9 months. 105, 106 An ongoing randomized phase III trial (EMILIA) will compare efficacy and toxicity of T-DM1 versus capecitabine plus lapatinib in patients with HER2-positive metastatic breast cancer who have previously received trastuzumab-based therapy. Importantly, patients who have been heavily pretreated with HER2-targeted therapies including T-DM1 may still derive clinical benefit from ongoing anti-HER2 regimens that incorporate trastuzumab or lapatinib. 107 
Neratinib
Neratinib (HKI-272; Pfizer Inc, New York, NY) is an irreversible pan-ErbB small molecule receptor tyrosine kinase inhibitor. It covalently binds to the cysteine residue in the adenosine triphosphate-binding pocket of the kinase domain of EGFR, HER2, and HER4, blocking autophosphorylation and subsequent phosphorylation of downstream signaling molecules. Initial biochemical assays demonstrated that neratinib reduced kinase activity of the HER2 cytoplasmic domain with a half maximal inhibitory concentration (IC50) of 59 nM, and EGFR kinase activity with an IC50 of 92 nM. 108 In cell culture, neratinib inhibited proliferation of HER2-overexpressing SKBr3 and BT474 cells with a very low-dose IC50 of 2-3 nM, 108 which is lower than the previously observed IC50 of 25-32 nM for the reversible EGFR/HER2 tyrosine kinase inhibitor (TKI) lapatinib in these same cell lines. 109 Similarly, autophosphorylation and phosphorylation of downstream molecules was reduced in BT474 cells with neratinib 2-5 nM, in contrast to trastuzumab 30 µg/mL, which, despite blocking proliferation, did not completely suppress signaling activity. Tumor regression was reported in xenograft models of HER2-overexpressing BT474 and SKOv3 cancer in association with reduced phosphorylation of HER2. 108 Neratinib has been compared with the approved TKI lapatinib with respect to mechanisms of action and biological efficacy in preclinical models. Neratinib mediated G1 arrest in HER2-overexpressing cells in association with induction of p27 Kip1 and reduced expression of cyclin D1, 108 similar to what has been observed for lapatinib. 109 In addition, both neratinib and lapatinib suppressed ligand-stimulated HER2-HER3 dimerization in MCF7 breast cancer cells, which express normal levels of HER2, in contrast to other reversible and irreversible HER2 inhibitors. Regarding preformed (nonligand-stimulated) receptor dimerization, neratinib showed more rapid disruption (50% inhibition within 30 minutes) of HER2-HER3 dimers than lapatinib (50% of dimers were disrupted within 90 minutes). In addition, in contrast to other HER2 TKIs, lapatinib and neratinib reduced ligandstimulated downregulation of total HER2 expression on the cell membrane, resulting in increased trastuzumab-mediated antibody-dependent cellular cytotoxic activity. To more closely examine the mechanisms behind neratinib-and lapatinib-mediated disruption of receptor dimerization, crystal structures of EGFR bound to various TKIs were obtained. 110 These structures showed that neratinib, an irreversible TKI, and lapatinib, a reversible TKI, bind EGFR in the inactive (closed) kinase conformation, compared with reversible EGFR TKIs gefitinib and erlotinib, which can bind EGFR in the active (open) or inactive conformation. Lapatinib and neratinib are unique in that they each have an extra aromatic group in comparison with the other EGFR TKIs; this reduces the flexibility of the kinase to revert to the open position. Locking receptors in this inactive conformation prevents stable interactions between ErbB proteins. With respect to potential biomarkers or predictors of response, neratinib and lapatinib appear to impact common pathways that converge on PI3K signaling, 111 and thus PI3K activity may serve as an indicator of potential response to these TKIs.
A phase II trial of neratinib in patients with HER2-overexpressing metastatic breast cancer showed PFS rates of 59% and 78% in patients refractory to trastuzumab or trastuzumab naïve, respectively. 112 The median PFS was 22.3 and 39.6 weeks and the objective response rates were 24% and 56% for submit your manuscript | www.dovepress.com Dovepress Dovepress refractory and trastuzumab-naïve disease, respectively. The major adverse event requiring dose reduction was diarrhea, with no high-grade cardiotoxicity observed. 112, 113 An earlier trial also reported antitumor action for neratinib in patients whose breast cancers were refractory to trastuzumab, taxanes, or anthracyclines and had HER2 levels of 2 + or 3 + , as measured by immunohistochemistry. 113 Thus, neratinib appears to show clinical benefit in patients with metastatic HER2-overexpressing breast cancer, including those who have progressed on trastuzumab-based treatment, and it may be a promising candidate for cancers that show poor response to lapatinib.
HER2-affitoxin
Immunotoxins are hybrid proteins composed of a targeting moiety such as an antibody and a toxic component derived from a plant (such as ricin) or bacteria (such as exotoxin A). HER2-affitoxin is a HER2-targeted immunotoxin that combines a HER2-specific affibody molecule with a truncated version of Pseudomonas exotoxin A called PE38KDEL. 114 Affibody molecules are small proteins of approximately 7 kDa in size, making them 20 times smaller than an antibody. The amino acid sequence of an affibody molecule is based on a portion of the Staphylococcus aureus protein A. Production of affitoxin was performed by Zielinski et al 114, 115 by subcloning the PE38 toxin sequence into a HER2-affibody expression construct, transforming bacteria with the c onstruct, and inducing expression of affitoxin by stimulating with isopropyl-beta-D-thiogalactopyranoside. Nickel-affinity (HisTrap HP; GE Healthcare, Hertfordshire, UK) and anion exchange columns were used to purify affitoxin from cell lysates.
HER2-affitoxin showed anticancer effects in models of HER2-overexpressing breast cancer. 114 MCF7 breast cancer cells that were stably transfected with a HER2 expression plasmid (MCF7/HER2) showed higher binding of the HER2-affitoxin molecule relative to MCF7 parental cells. In addition, MCF7/HER2 cells were 30 times more sensitive to affitoxin than MCF7 cells, with cytotoxic activity achieved at picoMolar doses. Similarly, BT474 breast cancer cells, which have endogenous overexpression of HER2, showed stronger affinity for HER2-affitoxin and were 80 times more sensitive than MDA468 cells, which do not overexpress HER2. HER2-affitoxin binds an epitope of HER2 distinct from that which trastuzumab binds, suggesting that this novel therapy may be effective in patients whose cancers have become refractory to trastuzumab-based treatment.
HER2-affitoxin caused tumor regression in xenograft models of HER2-overexpressing breast cancer.
115 HER2-targeted affitoxin (1.5 mg/kg), a control non-HER2-targeted affitoxin, or saline was delivered by intravenous injection every 3 days for a total of 24 days to athymic mice with BT474 xenografts. In contrast to the controls, HER2-affitoxin caused rapid tumor shrinkage of approximately 60% of the initial size within the first 3 days of treatment. At the end of the experiment, tumors in the HER2-affitoxin group were approximately 5% of the initial volume. Importantly, tumor regrowth was not observed within 76 days following the last day of treatment, suggesting long-term anticancer benefit from HER2-affitoxin. All animals tolerated treatment well, with slight (10%) body weight loss.
Pharmacokinetics data indicated that the half-life of HER2-affitoxin in the bloodstream of mice was almost 9 minutes with an initial concentration in plasma of almost 7 µg/mL. Doselimiting toxicity studies indicated that mice could be treated with 0.25 or 0.5 mg/kg of HER2-affitoxin. Liver enzyme tests on mice treated with HER2-affitoxin showed that the average alanine aminotransferase plasma level was three times higher than in control animals but that the aspartate aminotransferase ratio was less than 2.
115 No significant differences in alkaline phosphatase or bilirubin levels were observed.
In addition to the tumor efficacy studies using BT474 xenograft models, the HER2-overexpressing ovarian cancer cell line SKOv3 was also tested for response to HER2-affitoxin. Three doses of HER2-affitoxin at 0.25 mg/kg every 2 days were delivered by intravenous injection. Significant tumor regression was observed; however, in contrast to BT474 xenografts, regrowth of SKOv3 tumors occurred within 1 month of the last treatment. SKOv3 was also used as a model of metastatic HER2-positive cancer to determine if HER2-affitoxin reduces dissemination of cancer cells from the primary tumor. Luciferase-expressing SKOv3 cells were injected intraperitoneally, and tumor growth was examined by bioluminescence imaging.
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HER2-affitoxin significantly delayed tumor progression versus control saline treatment but failed to completely eradicate the tumors. Since SKOv3 is a highly invasive and aggressive cell line resistant to trastuzumab, these initial preclinical results suggest that HER2-affitoxin is a promising new therapeutic approach for HER2-overexpressing cancers that are nonresponsive to currently available HER2-targeted agents.
Conclusion and future perspectives
The introduction of trastuzumab has revolutionized the clinical care of patients with HER2-positive metastatic breast cancer and has resulted in dramatic reductions in recurrences of early-stage HER2-positive breast cancer.
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Trastuzumab-refractory disease may respond to new chemotherapy-trastuzumab combinations or to reintroduction of trastuzumab at a later time. Further, treating with a combination of multiple HER2-targeted agents may be the most effective strategy, as each HER2-directed drug appears to possess some nonoverlapping mechanisms of action, increasing the likelihood of synergy between different HER2-targeted therapies. Ultimately, identification of predictors of response will be critical for rational patient selection and for limiting nonspecific toxicities in those who are unlikely to benefit. One strategy is to develop a gene signature of trastuzumab resistance, including PIK3CA mutations that activate PI3K. Serum-based markers would be especially useful, as they can be measured by noninvasive, easily standardized assays. Such assays would measure secreted proteins such as ErbB ligands and GDF15 as predictors of trastuzumab resistance. The development and implementation of these gene-and protein-based assays that measure potential molecular predictors of resistance will allow individualization of HER2-targeted therapeutic approaches and may ultimately improve the treatment of HER2-positive breast cancer.
